Introduction

78
The ecological advantages of whole genome duplication (WGD) and its implication on species habitats 79 has been speculated for decades (Ohno 1970; Stebbins 1971; Comai 2005; Soltis et al. 2014 ).
80
Allopolyploids are interspecific hybrids of two or more parental species that inherit unreduced sets of 81 chromosomes from their parental species. Allopolyploid species may have the potential to combine or 82 merge parental adaptations (Doyle et al. 2008; Buggs et al. 2014) which may provide enhanced 83 abilities to tolerate extreme conditions (Levin 2002; Adams 2007) . Inherited adaptations to abiotic 84 conditions may also provide allopolyploids with the ability to inhabit species distributions beyond 85 either parental species (Blaine Marchant et al. 2016; Shimizu-Inatsugi et al. 2016 ; Van de Peer et al. 
99
Metal concentrations in soils are an important factor for environmental niches. Critical toxicity 100 of soils for plants has been defined using arbitrary thresholds, 100-300 µg g -1 for Zn and 6-8 µg g -1 for 5
The two main loci involved in hyperaccumulation in A. halleri are HMA4 (HEAVY METAL 146 ATPASE4), which is an ATPase transporter protein, and MTP1 (METAL TOLERANCE PROTEIN1 147 also called ATCDF1 or ZAT1), a cation diffusion facilitator (CDF) protein (Frérot et al. 2010) . In A. 148 halleri, HMA4 and MTP1 are constitutively highly expressed even under low metal conditions (Talke 149 2006; Paape et al. 2016) and both have known paralogous duplications in A. halleri (but single copy in 150 other Arabidopsis species, Briskine et al. 2017) , together resulting in higher expression than non-151 hyperaccumulating congeners (Hanikenne et al. 2008; Shahzad et al. 2010) . Another ATPase, HMA3, 152 involved in vacuolar sequestration of Zn (Morel et al. 2008) , is also constitutively expressed in A.
153
halleri. The gene MTP3 (same protein family as MTP1) is mainly expressed in root tissues and is 154 involved in vacuolar sequestration of Zn in roots of A. thaliana (Arrivault et al. 2006) . By sequestering 155 Zn in the roots, it is thought that MTP3 prevents toxic heavy metal transport from roots to shoots by 156 retaining Zn in the roots in the non-hyperaccumulating species A. thaliana. The zip transporter IRT3 157 and natural resistance associated macrophage protein NRAMP3 encode iron (Fe) transporters that are 158 co-regulated by Fe and Zn, and show significant expression differences between the hyperaccumulator 159 A. halleri and non-accumulators A. thaliana (Talke 2006; Lin et al. 2009; Shanmugam et al. 2011) and 160 A. lyrata (Filatov et al. 2006; Paape et al. 2016 ).
161
We propose that heavy metal hyperaccumulation in A. kamchatica is an ecologically-relevant trait 162 that may broaden the habitat in an allopolyploid species. However, we know very little about whether 163 plants hyperaccumulate in nature or how much variation in hyperaccumulation exists in the species. In 164 this study, we set out to answer the following questions. (1) Do the habitats of A. kamchatica contain 165 heavy metals and is there evidence of naturally-and artificially-generated metalliferous soils? (2) 166 Does hyperaccumulation of Cd and Zn occur in natural populations of A. kamchatica? (3) Is there 167 quantitative variation in leaf and root accumulation in A. kamchatica, and are there genotypes that can 168 hyperaccumulate as much as A. halleri? (4) Is A. halleri a more efficient hyperaccumulator than A. 169 kamchatica at all concentrations of Zn treatments? (5) Do genes involved in heavy metal transport and 170 detoxification show a bias in expression ratios of homeologs among A. kamchatica genotypes that may 171 be derived from the hyperaccumulating parent, A. halleri? By combining field data with phenotyping 172 in experimental conditions and homeolog specific gene expression estimates, we were able to provide 173 the first range-wide study of constitutive heavy metal hyperaccumulation in an allopolyploid species.
175
Results
176
Zn accumulation in soils and leaf tissues in wild populations
177
Arabidopsis kamchatica is a ruderal species which grows both in human-modified and natural habitats 178 (see definitions in next paragraph) but none of the samples in this study were found where mining 6 activities occurred. We sampled leaf tissues from 40 populations of A. kamchatica from Japan and 180 Alaska, USA to quantify Zn. We obtained soils of 37 of these localities and measured Zn concentration 181 of the soils. The concentration of Zn in soils among the sites ranged from 18.7 to 642.8 (average 150 182 µg g -1 , Fig. 1 , Table S1 -S3). The Zn concentrations in soils of 18 sites were above 100 µg g -1 , and five 183 sites were above 300 µg g -1 . This indicated that a considerable number of sites where A. kamchatica is 184 growing is are above the critical toxicity of 100-300 µg g -1 for Zn, while others are below the 185 thresholds.
186
Observations made during plant and soil collection were that several of the sites had some 187 evidence of human modification such as buildings, mountain lodges, fences or paved roads. To 188 examine whether A. kamchatica could adapt to naturally-and artificially-generated metalliferous soils, 189 we classified the localities into human-modified or non-modified sites. In human-modified sites, there 190 was artificial construction (buildings and fences on concrete base; and paved roads and riverside) close 191 (< 10 m) to the A. kamchatica plants that were collected (Table S4 ). The second category encompasses 192 the sites without artificial construction. The average Zn concentration at modified sites was 193 significantly higher than the non-modified sites (p = 0.0005, Table S3 , Fig. 1 ), suggesting the existence 194 of artificially-introduced Zn. Most of the sites with > 300 µg g -1 Zn in soils are human-modified sites 195 (i.e. Mt. Sirouma, Midagahara, Turugigozen, Ogamiohasi; Table S4 ). Yet, many sites without human 196 modification also showed considerable amounts of Zn (seven sites with >100 µg g -1 Zn, one of them 197 >300 µg g -1 Zn), and are likely to reflect natural geology (Schlüchter et al. 1981) . These data suggest 198 that the habitat of A. kamchatica encompasses localities with high Zn in soil, both by natural geology 199 and human modification, as well as sites with low Zn in either category.
200
Next, we measured the Zn concentration in leaf tissues of A. kamchatica collected at each of the 201 40 populations. The average accumulation of Zn was 1,416 µg g -1 dry weight (DW) among 126 plants 202 from the 40 populations. We detected > 1,000 µg g -1 of Zn in 21 of the 40 populations and > 3,000 µg 203 g -1 in four populations representing both modified and non-modified sites (Figure 1 , Table S2 ). The 204 highest concentration of Zn was found in three plants at the Mt. Sirouma site (6,500 -6,661 µg g -1 ) in 205 Japan (2835 meters above sea level), a human modified site with the highest level of Zn in the soils 206 ( Fig. 1 ). We found that plants from human-modified habitats had on average higher quantities of Zn 207 (mean Zn concentration 1,815 µg g -1 ) than non-modified sites (mean Zn concentration 1,004 µg g -1 ) 208 and the difference was significant (p = 0.00136, Fig. 1 , Tables S1-S3). In human-modified habitats 209 there was a significant positive correlation between leaf and soil concentrations of Zn (r = 0.68, p < 10 -210 5 ) suggesting that the increased concentrations of Zn in the soils at these sites increased the availability 211 of this metal for uptake by plants. By contrast, there was no correlation between leaf and soil 212 concentrations of Zn in non-modified habitats (r = 0.007, p = 0.95; Fig. S1 ). We found that A. 7 kamchatica accumulated high levels of Zn in the field and when there is greater availability of Zn in 214 the soils, plants tend to have higher levels of Zn in the leaves as we found in many of the modified 215 sites.
216
In the parental species A. halleri, collected from two sites in Russia and two sites in Japan, we 217 detected > 3,000 µg g -1 of Zn in leaves in all four populations, with the highest levels found in plants 218 from the Tada mine site in Japan (average of six replicates = 16,068 µg g -1 (Table S1) ). Soils were 219 collected at the two mine sites in Japan (Tada and Omoidegawa (OMD)) (Table S4) , and the Zn 220 concentration (1,317 -2,490 µg g -1 Zn) was several times higher than any other sites with A. Table   228 S3). The Cd concentration in leaves in the five populations with the highest Cd ranged from 3.6 to 8.9 229 µg g -1 , while all other populations had less than 3 µg g -1 of Cd in leaves (Table S1 ). The maximum 230 amount of Cd in any single plant was 12.1 µg g -1 (Table S2 , S3) and was found at the Mt. Siraiwa site, 231 which also had the highest Cd levels in soils. However, this level of Cd accumulation in leaves is much 232 lower than the threshold defined for Cd hyperaccumulation (>100 µg g -1 Cd) in leaves (Krämer 2010).
233
Unlike for Zn, there was no significant difference in Cd concentrations in the soils or leaf tissues 234 between the modified or non-modified sites (Table S3 ). Moreover, there was no correlation between 235 leaf and soil concentrations of Cd in the modified habitats, but there was a positive correlation in the 236 non-modified habitats ( Fig. S1 ). We also found very little correlation between Cd and Zn leaf 237 accumulation (r = 0.08, p = 0.39), likely due to much less overall Cd in soils and leaves compared 238 with Zn. In summary, leaf and soil concentrations of Cd are below critical toxicity levels for plants 239 (Krämer 2010) and are negligible compared to Zn concentrations in the same populations.
240
For A. halleri, soil at the two Japanese mine populations contained 5.0 -6.9 µg g -1 of Cd (Table   241 S4), which is comparable to the critical toxicity defined by Krämer (2010) (6-8 µg g -1 ). Leaf Cd 242 concentration of the two Japanese and two Russian populations were measured, and one of them was 243 above the >100 µg g -1 threshold of hyperaccumulation (1,267 µg g -1 at Tada mine). This supports a 244 previous report on facultative hyperaccumulation of Cd by A. halleri (Stein et al. 2017 ).
245
While our main objective of the soil and leaf sampling of A. kamchatica was to quantify the heavy 246 metals Cd and Zn, we also found high levels of magnesium (Mg) and nickel (Ni) in the soils of two 247 8 populations in Japan (Mt. Sirouma and Mt. Hakubayari) ( Figure S2 , Figure S3 ; Table S4 ). These two 248 sites had nearly an order of magnitude greater Mg and Ni than all other populations (the Mt. Sirouma 249 site also contained the highest soil concentration of Zn of all of the A. kamchatica sites (643 µg g -1 )).
250
High concentrations of Mg and Ni, and low calcium to magnesium ratios (Ca:Mg) indicate serpentine 251 soils (Kazakou et al. 2008) . Consistent with this, the Ca:Mg in soils Mt. Sirouma (Ca:Mg = 3.71e -05 ) 252 and Mt. Hakubayari (Ca:Mg = 3.45e -05 ) were at least an order of magnitude lower than the average 253 among all other Japanese populations which was 1.60e -03 (sd. 2.60e -03 ). Therefore, the high levels of 254 Mg and Ni, in addition to low Ca:Mg, indicates that A. kamchatica is living on serpentine soils, and the 255 mountain range including Mr. Sirouima and Mt. Hakubayari are known to have serpentine soils 256 (Hatano and Matsuzawa 2008) . Furthermore, the River Matu is originated in this mountain range, and 257 the North and South River Matu sites had three times higher Ni than most populations.
259
Variation of zinc accumulation in experimental conditions
260
To examine the genetic variation of Zn hyperaccumulation in a common environment, Zn 261 accumulation in leaves and roots were quantified using hydroponic solution in growth chambers. We 262 used a treatment condition of 500 µM of Zn exposure for 7 days. We examined A. kamchatica 263 genotypes sampled from 19 natural populations that span the species range (Table S5a) , plus one 264 synthesized allopolyploid (20 genotypes in total). A minimum of five replicates of each genotype were 265 measured. Linear models detected significant quantitative variation in Zn accumulation, even when 266 outlier genotypes were removed (Table S5b ). Broad sense heritability (H 2 ) for leaf accumulation of Zn 267 in A. kamchatica was estimated to be as high as 0.70, which reflects significant variation among 268 genotypes ( Figure 3 , Table S6 ). Among the 20 plant genotypes, the average Zn accumulation in leaves 269 was 4,562 µg g -1 and ranged from 1,845 -16,213 µg g -1 in mean values among replicates in all 270 genotypes ( Figure 3 , Table S5a ). The synthesized allopolyploid used in this experiment had among the 271 highest level of Zn accumulation in leaves, 5,845 µg g -1 demonstrating that high Zn accumulation can 272 be retained following early hybridization between A. halleri and A. lyrata. To check whether Zn 273 accumulation among these samples could be explained by native soil concentrations of Zn, we 274 compared 10 populations of A. kamchatica for which both soil Zn concentration and leaf accumulation 275 in the growth chamber experiment were available. The variance of Zn concentration in leaf tissues 276 explained by Zn concentration in soil was not significant (p = 0.8) and could be explained mostly by 277 plant genotype (p < 2e -16 ).
278
For comparison, we included two A. halleri genotypes in the analysis. The TADA and BOD 279 genotypes accumulated 8,036 µg g -1 and 10,891 µg g -1 of Zn in leaf tissues, respectively (Figure 3, 280 Table S5 ). The TADA genotype of A. halleri which was collected from a highly metal contaminated 281 9 site (metalliferous) near the Tada mine (Briskine et al. 2017) showed less Zn accumulation in leaves 282 than the BOD genotype, which was collected from a region with no mine activity (non-metalliferous 283 site). This is consistent with other studies that demonstrated A. halleri from non-metalliferous sites 284 often accumulate more than those from metalliferous sites (Bert et al. 2002; Stein et al. 2017) . While 285 the average Zn accumulation in leaves of A. kamchatica is about half compared with A. halleri, two 286 natural genotypes had high Zn accumulation in leaves at similar or higher levels compared to A. 287 halleri. The SAK genotype from Sakhalin Island had mean Zn accumulation of 9,562 µg g -1 in leaf 288 tissues among 12 replicates, with a maximum of 15,348 µg g -1 in one individual. The MAG genotype 289 (from Magosazima, Japan) had mean Zn accumulation of 16,213 µg g -1 in leaf tissues among 8 290 replicates and a maximum of 24,809 µg g -1 in one individual (Table S5 ).
291
A major difference between A. kamchatica and A. halleri was in the level of Zn accumulation in 292 the roots. Accumulation of Zn in the roots of the 20 A. kamchatica genotypes was between 5,980 and 293 25,650 µg g -1 , whereas in A. halleri, Zn concentrations in roots were 3,190 µg g -1 for the TADA 294 genotype and 1,525 µg g -1 for the BOD genotype, lower than all A. kamchatica genotypes (Figure 3, 295 Table S5a ). The shoot to root ratio of Zn accumulation was greater than one (i.e., higher Zn 296 concentrations in leaves than roots) for both genotypes of A. halleri, while all but one of the A.
297
kamchatica genotypes had a leaf to root ratio in Zn accumulation greater than one (the MAG genotype 298 had a leaf to root ratio greater than one (Table S5a) ). There was no significant correlation between leaf 299 and root accumulation in A. kamchatica (r = -0.06, p = 0.37), indicating that genotypes with high metal 300 accumulation in leaves do not necessarily have lower accumulation in roots, and vice versa. Together, 301 these comparisons suggest that leaf tissues, rather than roots, are a sink for heavy metals in A. halleri, 302 and that the diploid species has a more efficient mechanism of root to shoot transport of Zn than A. 303 kamchatica.
304
We also included a synthesized allopolyploid generated by a cross between Asian A. halleri ssp. 305 gemmifera (TADA genotype, also used in this experiment) and Siberian A. lyrata ssp. petrea (Akama 306 et al. 2014; Paape et al. 2018 ). The synthetic polyploid showed a higher level of Zn accumulation in 307 leaves than most natural genotypes but it was significantly lower than the A. halleri parental genotype 308 (TADA) (p = 0.04, Table S6 ). In contrast to natural A. kamchatica that experienced evolutionary 309 changes after polyploid speciation, the synthesized allopolyploid provides direct experimental evidence 310 that Zn hyperaccumulation in A. halleri can be inherited in A. kamchatica, but that the trait is 311 attenuated due to genome merging with the non-hyperaccumulator A. lyrata.
312
Next, we wanted to test whether plant genotypes responded similarly when the Zn treatment was 313 increased from 500 µM to 1,000 µM Zn. Using nine of the twenty A. kamchatica genotypes that were 314 used in the previous (500 µM) experiment, this time treated with 1,000 µM Zn, we found significant 10 increases in Zn accumulation in the leaves in all but two genotypes ( Figure S4 ). The two genotypes 316 (MAG and SAK) that showed the highest Zn accumulation in the 500 µM treatment, did not 317 significantly increase Zn accumulation in leaves when treated with 1,000 µM of Zn. This demonstrated 318 that Zn accumulation in A. kamchatica leaf tissues may be increased by exposure to higher heavy 319 metals in the roots, but for the two highest accumulating genotypes, it may suggest a maximum 320 threshold or saturation of heavy metals in the leaves under high Zn dosage. 
336
In leaf tissues, A. halleri accumulated > 2,000 µg g -1 when treated with only 10 µM of Zn. This 337 was a four-fold increase compared with the 1 µM treatment condition. There was no significant 338 difference in Zn accumulation in leaves of A. halleri between the 10 and 100 µM treatments, then 339 nearly 2-fold increase between the 100 and 1000 µM treatments ( Figure 4A ). By contrast, A. 340 kamchatica showed the largest fold-increase in Zn accumulation in leaf tissues following the largest Zn 341 treatment dosage of 1,000 µM. Following each of the three treatment conditions (10, 100, and 1,000 342 µM), A. halleri accumulated significantly more Zn in leaves than A. kamchatica, except for one A. 343 kamchatica genotype (PAK) at the 1,000 µM treatment. It was not until the highest Zn treatment (1,000 344 µM) that A. kamchatica accumulated the same amount (2,000 µg g -1 ) of Zn as did A. halleri at only 10 345 µM of Zn treatment.
346
In root tissues, A. halleri showed little increase in Zn accumulation until the 1,000 µM treatment, 347 and Zn accumulation in roots did not exceed 5,000 µg g -1 in any treatment condition ( Figure 4B ). The 348 shoot to root ratio of Zn concentrations in each of the three treatment conditions was ³ 1 for A. halleri ( Figure 4C ). For A. kamchatica, Zn concentrations in roots were significantly greater than A. halleri in 350 the three treatment conditions (with the exception of the MUR genotype at the 10 µM treatment). The 351 1,000 µM treatment resulted in the largest Zn accumulation in the roots, ³ 10,000 µg g -1 for all three A. 352 kamchatica genotypes ( Figure 4B ), which was twice as high as A. halleri at this treatment. The high Zn 353 accumulation in the roots of A. kamchatica resulted in shoot to root ratios £ 0.5 at all treatments, less 354 than A. halleri at each Zn treatment condition ( Figure 4C ). These results further show that A. halleri is 355 a more efficient hyperaccumulator of Zn, especially when exposed to low concentrations.
356
Homeolog expression ratios of candidate genes
357
We used pyrosequencing to quantify homeolog expression ratios for six known candidate genes 358 involved in heavy metal tolerance and hyperaccumulation in the leaves and roots of 15 genotypes of A. 359 kamchatica. Expression ratios were quantified before and after Zn treatments. The genes were selected 360 based on previous studies that estimated expression differences between diploid congeners (Becher et 361 al. 2004; Filatov et al. 2006; Talke 2006) and functional assays in plants and/or yeast (Table S8 ). We 362 found an overall trend for A. halleri-derived (H-origin) homeologs to be expressed at a higher ratio 363 compared to the A. lyrata-derived (L-origin) homeologs for all of the genes tested ( Figure 5 ), although 364 considerable variation was observed. Linear models showed that gene, plant genotype, and tissue, all 365 contributed to a significant proportion of the variance in expression ratios (p-values: < 2.2e -16 , 3.52e -13 , 366 and 1.02e -10 respectively, Table S9 ). The genes IRT3, MTP3, and NRAMP3 all showed significant 367 variation among genotypes (p-values: 7.15e -07 , 3.89e -14 , and 1.72 e -11 respectively), while the genes 368 HMA3, HMA4 and MTP1 showed no significant among-genotype variation in expression ratios (p-369 values: 0.72, 0.72, and 0.21 respectively).
370
Zinc treatment had no significant effect on expression ratios when compared with control 371 conditions when both tissues were included in the model (treatment p-value = 0.64), and when tissues 372 were analyzed separately (leaf tissue only, p = 0.66; root only, p = 0.12). This reflects the constitutive 373 expression of the H-origin metal transporters. Furthermore, we found no significant relationship 374 between homeolog expression ratios and Zn hyperaccumulation levels in our experiments: the model 375 coefficient for the interaction between gene and treatment was non-significant (gene x treatment 376 interaction p = 0.18), and the coefficients for each individual gene and treatment interaction were non-377 significant ( Table S9 ). The one exceptional coefficient was found in the MTP3 gene x treatment x 378 tissue (root) which was highly significant (p = 0.0005). Whether this ratio change is due to significant 379 up-regulation of the L-origin copy, or down-regulation in the H-origin copy remains to be tested, but In the first species-wide survey of A. kamchatica, ion measurements in leaf samples collected from 386 natural conditions showed that the species can accumulate large amounts of heavy metals. In particular,
387
Zn accumulation was high in many populations despite generally low heavy metal concentrations in 388 soils for the majority of sites. Substantial concentrations of Zn were found in A. kamchatica plants in 389 more than half of the populations (> 1,000 µg g -1 ), and plants from three populations that had > 3,000 390 µg g -1 of Zn, which exceeds the threshold defining Zn hyperaccumulation for plants (Krämer 2010).
391
Because the concentrations ranged in more than two orders of magnitudes (from 30 to > 6,000 µg g -1 ) 392 with no clear split into two classes of hyperaccumulating and non-hyperaccumulating genotypes (Table   393 S2), this suggests that the classification into these two categories may be too simple to study 394 intraspecific variation of hyperaccumulation. It is noteworthy that previous experiments have 395 demonstrated that A. halleri plants that accumulated > 1,000 µg g -1 experienced a significant reduction 396 in herbivory compared with plants with lower Zn accumulation (Kazemi-Dinan et al. 2014 , 2015 .
397
Therefore, a similar level of Zn in leaves could also be sufficient for A. kamchatica to deter insects.
398
We did not find plants growing in sites with obvious contamination from mining as with A.
399
halleri. The influence of the A. lyrata genome may have reduced the ability of A. kamchatica to inhabit 400 highly toxic mine sites similar to A. halleri, such as places like the Tada mine area. However, we did 401 find that nearly half of the sites that we collected samples from were clearly modified by human 402 activities, and many of them contained high concentrations of Zn in the soils. This is supported by 403 significantly higher levels of Zn concentrations in the leaves at the modified vs. non-modified sites, as 404 well as the strong positive correlation between soil concentration and leaf accumulation of Zn in 405 modified sites. The use of corrugated galvanized irons and grating may have artificially increased Zn in 406 the surrounding soils near mountain lodges and roads. It is possible that the tolerance to high levels of 407 heavy metals inherited from A. halleri pre-adapted A. kamchatica to expand its habitat into human 408 modified sites that contain elevated Zn in soils.
409
Compared with Zn, the levels of Cd in soils or in field collected A. kamchatica are unremarkable 410 and below toxic thresholds. There appeared to be no anthropogenic influence on the levels of Cd in the 411 soils, as quantities at both modified and non-modified site types only differed slightly, and not (Table S3 ), but we found a lower mean and narrower range of Cd concentrations in leaves and soils. Alaska, USA (see Figure 1 ), had up to 2,000 µg g -1 of Zn in leaves. This indicates that A. kamchatica 437 plants exposed to low Zn concentrations in native, non-modified soils can still accumulate substantial 438 amounts of Zn. This is consistent with constitutive hyperaccumulation in A. kamchatica as in A.
439
halleri.
440
A fortunate byproduct of our sampling revealed that some sites containing A. kamchatica 441 showed evidence of serpentine soils (those with high Mg and Ni and low Ca:Mg ratio), particularly 442 those at high elevation (>3,000 m) in the Northern Alps of Central Japan. These serpentine soils have 443 been previously documented, but surveys of plants growing on these soils did not report the presence Table S5a ). This is considerably higher than most natural genotypes which have 484 on average about 0.5 of the accumulation of Zn in leaves compared to A. halleri. Moreover, 485 accumulation of Zn in leaves of the synthetic polyploid was orders of magnitude higher than that of the 486 A. lyrata parent (see Fig. 1 in Paape et al. 2016) , which clearly demonstrated that hyperaccumulation 487 can be retained following hybridization between the divergent parental species, but that the A. lyrata 499 kamchatica. While A. kamchatica accumulated up to 1,000 and 3,000 µg of Zn in leaves at the 100 µM 500 and 1,000 µM treatments respectively, more Zn was retained in the roots compared with A. halleri. The 501 shoot to root ratio of Zn concentration was greater than or equal to one for the A. halleri genotype used 502 in our experiment, which is a similar result to a previous study that tested Zn accumulation over a 503 gradient of treatments using a European A. halleri genotype (Talke 2006) . This demonstrated efficient 504 root to shoot transport at low, intermediate, and high treatments for A. halleri.
505
By contrast, the shoot to root ratio of Zn concentration for A. kamchatica was equal to or less 506 and one-half for the three genotypes used in our gradient experiment. Notably, the highest shoot to root 507 ratio was at the control condition (1 µM) for both A. halleri and A. kamchatica, which is consistent 508 with a Zn deficiency response due to constitutive expression of heavy metal transporters (Talke 2006; 509 Hanikenne et al. 2008) . The hydroponic treatments demonstrated experimentally how plants can 510 accumulate high levels of Zn when exposed to both low and high levels of Zn, which is important for 511 understanding the relationship between soil concentrations and accumulation by plants in natural 512 conditions.
513
We suggest two reasons why an allopolyploid derived from two parents that were divergent for 514 heavy metal hyperaccumulation would show a reduction in the hyperaccumulation trait compared to 515 the diploid hyperaccumulator parent (A. halleri). First, a reduction or attenuation compared to the 516 diploid parents in total expression levels of metal transporters is expected due to allopolyploidization. expected that these genetic factors act to prevent the transport of toxic heavy metals to leaf tissues to 529 limit toxicity in leaves. In this case, there is genomic antagonism resulting from the divergent parental 530 genomes.
532
Expression bias in A. halleri derived homeologs 533 Because Zn hyperaccumulation was likely inherited from A. halleri, we expected that homeolog 534 expression ratios would show a pattern consistent with a parental legacy effect of gene expression 535 (Buggs et al. 2014) . Using pyrosequencing assays we found expression ratios of homeologs for six 536 genes with roles in heavy metal hyperaccumulation or metal tolerance each had higher expression of 537 the H-origin copy. This suggests homeolog specific expression is maintained by cis-regulatory 538 differences (Shi et al. 2012; Yoo et al. 2014) . In addition to cis-regulation, the major genes known to 539 be responsible for root to shoot transport of Zn (HMA4) and detoxification of tissues by vacuolar 540 sequestration (MTP1) in A. halleri, have high expression in A. halleri because they are duplicated in A. to increased copy number. The gene HMA3 also has a putative role in vacuolar sequestration of Zn 546 (Morel et al. 2008 ), similar to MTP1, but is only found in a single copy in both A. halleri and A. lyrata 547 (Paape et al. 2018) . This gene also has very high allele specific expression in A. halleri (Talke 2006) 548 and strong H-origin bias in A. kamchatica, which must be due to cis-regulatory differences. Together, 549 these three genes (HMA3, HMA4, MTP1 ) had the strongest bias in H-origin homeolog expression in 550 both leaves and roots, showed the least amount of variation in homeolog expression ratios among the 551 17 15 genotypes tested, and had stable expression ratios before and after Zn treatment. These features are 552 consistent with constitutive gene expression that was inherited (Buggs et al. 2014 ) from the 553 hyperaccumulating diploid parent A. halleri, which would be essential for retaining the 554 hyperaccumulation phenotype in the species-wide collection of A. kamchatica examined in this study.
555
The IRT3 and NRAMP3 homeologs also showed H-origin expression bias consistent with 556 previous differential expression studies comparing A. halleri with A. lyrata or A. thaliana in Zn 557 treatment studies (Filatov et al. 2006; Talke 2006) , but their direct role in Zn hyperaccumulation is less 558 clear (Thomine et al. 2003) . Moreover, both IRT3 and NRAMP3 showed much larger variation in 559 expression ratios than HMA4 or MTP1 which may reflect greater constraint on constitutive expression 560 of the latter two genes.
561
Most importantly, Zn treatment had no significant effect on the expression ratio of five of the six 562 genes, demonstrating constitutive expression for genes with known or putative roles in Zn 563 hyperaccumulation. The gene MTP3 was an exception and showed a significant change in homeolog 564 ratios in the root tissues of many genotypes following the Zn treatment. The ratio change was most 565 likely the result of up-regulation of the L-origin homeolog in roots, which was previously shown in one 566 of the genotypes used in the current study using RNA-seq (Paape et al. 2016) . It has been shown that 567 MTP3 has a role in preventing heavy metal transport to the shoots by sequestering Zn in the vacuoles 568 in roots in A. thaliana (Arrivault et al. 2006 ). Because we assume this gene would have a similar role 569 in A. lyrata, it is a potential A. lyrata-derived inhibiting factor that would contribute to reduced leaf 570 hyperaccumulation in A. kamchatica.
571
Conclusions
572
Adaptability and range expansion in polyploids has been discussed for several decades (Stebbins 1971;  573 Soltis et al. 2014; Van de Peer et al. 2017) but empirical examples of quantitative traits that have 574 ecological relevance have been lacking (Godfree et al. 2017) . The ability of allopolyploid species to 575 merge parentally inherited adaptations to climate or soils has been proposed to confer greater plasticity 576 compared with the diploid progenitors (Yoo et al. 2014; Shimizu-Inatsugi et al. 2017) , which could be 577 a mechanism to mediate niche expansion (Blaine Marchant et al. 2016) . We have shown that an 578 allopolyploid species with a broad habitat has retained heavy metal hyperaccumulation from one of the 579 diploid parents as evidenced by field and experimental analyses of species wide population samples.
580
Zinc hyperaccumulation appears to be a constitutive trait in A. kamchatica, driven by parentally 581 inherited gene expression of important genes involved in the trait. We also discovered significant 582 quantitative variation for Zn accumulation in the allopolyploid species which would further increase 583 adaptability to broader and more diverse environments and soil types (Barrett & Schluter 2008;  584 Matuszewski et al. 2015) .
18
We suggest that the inheritance of hyperaccumulation from A. halleri conferred advantages 586 instantaneously at the polyploid speciation, estimated to be approximately 100,000 years ago (Paape et 587 al. 2018) by the following scenario. First, A. kamchatica became tolerant to soils with toxic levels of 588 heavy metals that were present in natural populations due to geological processes. Then, during the 589 past few thousand years, soils became contaminated by human activities, and the tolerance worked as a 590 pre-adaptation for modified environments (a similar scenario has been proposed for A. halleri, Meyer 591 et al. 2016) . In contrast to A. halleri, A. kamchatica was not found in extremely contaminated sites 592 such as mines, consistent with attenuated Zn hyperaccumulation. This would have contributed to a 593 distinct, intermediate habitat and species distribution of A. kamchatica compared with the diploid 594 parents. Second, Zn concentration in the leaves of the majority of the natural A. kamchatica 595 populations were above 1,000 µg g -1 . This level was shown to be effective for insect defense in A.
596
halleri (Kazemi-Dinan et al. 2014) . In addition, we found A. kamchatica living on serpentine soils, 597 which has also been found in the other diploid parent A. lyrata (Turner et al. 2010; Arnold et al. 2016 ).
598
We hypothesize that A. kamchatica expanded its habitats by combining heavy metal and serpentine 599 tolerance from A. halleri and A. lyrata. Our study represents a promising example in which the Alaska, USA to quantify heavy metals in natural conditions (Tables S1) using inductively coupled 613 mass spectrometry (ICP-MS). For most populations we collected leaf tissues from at least three plants.
614
We reported values for leaf accumulation based on the mean and median of the replicates at each site, 615 while often individual plants greatly exceeded the mean for any population. Soil samples were 616 collected from the majority of these sites to measure metal ion concentrations (Table S2 ). Because 617 many of the sites where A. kamchatica was collected showed clear signs of human modification, we 22 resequencing data of A. kamchatica homeologs (Paape et al. 2018) . In A. halleri, the gene HMA4 is a 717 tandemly triplicated gene and MTP1 has at least three copies (Hanikenne et al. 2008 (Hanikenne et al. , 2013 Shahzad et 718 al. 2010; Briskine et al. 2017 ), but only one of the three copies from our reference genome for either of 719 these genes was used for assay design as polymorphism between the copies is low. These two genes 720 are present in only a single copy in A. lyrata (Briskine et al. 2017; Paape et al. 2018) , the other diploid 721 parent of A. kamchatica.
722
To design PCR primers, sequencing primers, and SNP assays for each gene, we used the 723 PyroMark Assay Design v2.0 software (Qiagen) at the Genomic Diversity Center (GDC), ETH, 724 Zurich. To design pyrosequencing assays, we aligned coding sequences of homeologous gene copies 725 for each of the six genes above to detect SNPs between A. halleri (H-origin) and A. lyrata (L-origin) 726 derived copies. We searched for target SNPs between two conserved primers that contained 2 -3 target 
744
Each of the three response variables were analyzed separately as the focus was on variation within 745 tissue and not on Zn and tissue interactions. We performed the analysis with and without the outlier 746 genotype, MAG to determine whether significant trait variation was influenced by this genotype. Due 747 to unbalance, heteroscedasticity, and non-normality, the models did not satisfy the assumptions of 748 linear models. The effect of genotype was therefore examined using a glm with a Gamma distribution 749 (for continuous response variable) with inverse link function. For the 10-fold gradient experiment we 750 23 compared means and standard deviations of three replicates of each genotype at each Zn treatment 751 condition. Here we were primarily concerned with comparisons between A. halleri (the diploid parent) 752 and A. kamchatica, and secondly whether the three A. kamchatica genotypes used in the experiment 753 showed significant differences at each condition. Significant differences were evaluated by non-754 overlapping means or standard deviations.
755
We used linear models to determine the effects of genotype, gene (function), treatment, and 756 tissue on homeolog expression ratios (estimated using pyrosequencing). The expression ratios vary 757 from 0 to 1 according to the relative expression of either homeolog. If there is equal expression of both 758 homeologs, H-origin = 0.5 and L-origin = 0.5. Therefore, we used the H-origin copy expression as the 759 dependent variable. We used the following linear model formula that included both tissue types 760 together in the model: H-origin ratio ~ genotype + gene + treatment + tissue + genotype x gene 761 (interaction term) + gene x treatment (interaction term) + gene x tissue (interaction term) + gene x 762 treatment x tissue (interaction term). The significance of each explanatory variable was summarized 763 by sum of squares and F-statistics in an ANOVA table (See Table S9 ). We then separated the datasets 764 into leaf or root only and repeated the linear model procedure on both datasets separately, using the 765 Figure S1 . See Table S1 for mean values, variance, number of replicates, and location 862 information. Figure S4 . Zn accumulation in leaves of nine A. kamchatica accessions following 7 days of Zn 956 treatments of 500 and 1000 µM of Zn in two independent experiments (the same plants were not 957 exposed to both 500 and 1000 µM treatment conditions but were grown in separate hydroponic 958 containers in either treatment). Significant increases in mean Zn accumulation were observed in the 959 1000 µM treatment compared with the 500 µM treatment for all except the MAG and SAK genotypes.
960
The MAG and SAK genotypes showed no significant increase in mean Zn accumulation between 500 961 and 1000 µM treatments. 
